The initial components of ribosomes first appeared more than 3.8 billion years ago during a time when many types of RNAs were evolving. While modern ribosomes are complex molecular machines consisting of rRNAs and proteins, they were assembled during early evolution by the association and joining of small functional RNA units. Introns may have provided the means to ligate many of these pieces together. All four classes of introns (group I, group II, spliceosomal, and archaeal) are present in many rRNA gene loci over a broad phylogenetic range. A survey of rRNA intron sequences across the three major life domains suggests that some of the classes of introns may have diverged from one another within rRNA gene loci. Analyses of rRNA sequences revealed self-splicing group I and group II introns are present in ancestral regions of the SSU (small subunit) and LSU (large subunit), whereas spliceosomal and archaeal introns appeared in sections of the rRNA that evolved later. Most classes of introns increased in number for approximately 1 billion years. However, their frequencies are low in the most recently evolved regions added to the SSU and LSU rRNAs. Furthermore, many of the introns appear to have been in the same locations for billions of years, suggesting an ancient origin for these sequences. In this Perspectives paper, I reviewed and analyzed rRNA intron sequences, locations, structural characteristics, and splicing mechanisms; and suggest that rRNA gene loci may have served as evolutionary nurseries for intron formation and diversification.
Introduction
From approximately 4.2-3.8 billion years ago, many innovative types of RNA evolved that played major roles in biology, during an era known as the "RNA world" (Darnell et al. 1990; Alberts et al. 1998; Gilbert et al. 1997; Wekselman et al. 2009; Belousoff et al. 2010; Rogers 2017; Bada 2013; Huang et al. 2013; Iwasa and Marshall 2016) . This led to the assembly of the essential components of the central metabolic, evolutionary, and translational functions of ancient cells that still exist in modern cells (Darnell and Doolittle 1986; Gilbert et al. 1997; Bujnicki and Rychlewski 2001; Roy et al. 2002; Bokov and Steinberg 2009; Rogers 2017; Iwasa and Marshall 2016) . They included catalytic RNAs (or ribozymes), structural RNAs, many classes of small RNAs, and functional nucleotide-containing compounds. Many of these compounds are still present in contemporary cells, such as ATP, GTP, NADH, hammerhead ribozyme, hairpin ribozyme, RNase P, small nucleolar RNAs (snoRNAs), rRNAs (ribosomal RNAs), tRNAs (transfer RNAs), mRNAs (messenger RNAs), introns, and others. Although pieces of what would become portions of rRNAs and ribosomes first appeared from 3.8 to 4.2 billion years ago, the first rRNAs that contained the PTC (peptidyltransferase center), and therefore, could synthesize small polypeptides, appeared approximately 3.6 to 3.8 billion years ago (Petrov et al. 2014 (Petrov et al. , 2015 Fig. 1) . However, these early ribosomes also relied on the delivery of amino acids via tRNAs, which were charged by aminoacyl tRNA synthetases (protein enzymes), and short mRNAs. It is clear that, from very early in their evolution, ribosomes were (and still are) composed of complexes of structural, enzymatic, kinetic, and binding RNAs, as well as structural proteins (Bokov and Steinberg 2009; Fox 2010; Huang et al. 2013; Petrov et al. 2014 Petrov et al. , 2015 Caetano-Annolés et al. 2013; Caetano-Annolés and CaetanoAnnolés 2015; Rogers 2017) .
Many studies of ribosomes suggest that they were built from separate components, which were added sequentially over time (Fig. 1) , and that the genetic code emerged in one of the later phases of rRNA evolution (Darnell and Doolittle 1986; Gilbert et al. 1997; Roy et al. 2002; Bokov and Steinberg 2009; Fujishima and Kanai 2014; Petrov et al. 2014 Petrov et al. , 2015 Root-Bernstein and Root-Bernstein 2015; Rogers 2017) . Recent studies indicate that sections of both the rRNA large subunit (LSU) and small subunit (SSU) predated the PTC of the LSU, and that the two subunits evolved separately prior to their association to form a protoribosome (Bokov and Steinberg 2009; Petrov et al. 2014 Petrov et al. , 2015 . For example, the PTC, tunnel, subunit association sites, P site (which holds the tRNA with the growing polypeptide), A site (which holds the tRNA with the incoming amino acid), and E site (where the exiting uncharged tRNA dissociates from the ribosome) were incorporated into rRNA at different times during early ribosome evolution, and complex decoding emerged only after all of these elements had been incorporated into the rRNA (Rodin and Rodin 2008; Bokov and Steinberg 2009; Wekselman et al. 2009; Belousoff et al. 2010; Fox 2010; Harish and Caetano-Anollés 2012; Caetano-Anollés et al. 2013; Huang et al. 2013; Petrov et al. 2014 Petrov et al. , 2015 Caetano-Anollés and Caetano-Anollés 2015) . While the rRNA PTC appeared in one of the early phases of Petrov et al. 2014 Petrov et al. , 2015 , beginning more than 3.8 bya, are indicated for the evolution of AARSs (A, B), tRNA (C), mRNA (D), SSU rRNA (E), LSU rRNA (F). Colors indicate stage of expansions of the RNAs; from most ancient to most recent: blue, light blue, green, yellow, olive, and red rRNA evolution, the coding and refinement of the genetic code by ribosomes evolved hundreds of millions of years later (Petrov et al. 2014 (Petrov et al. , 2015 . The appearance of the PTC adjacent to the P site and tunnel that became incorporated into the protoribosome approximately 3.6-3.8 billion years ago ushered in the initial stages of modern protein synthesis. The A site may have originated as a duplication and ligation of the P site sequence (Bokov and Steinberg 2009) , as both have structural similarities and each is approximately 110 nt in length. Prior to that time the less efficient process of non-ribosomal protein synthesis (NRPS) was active more than 3.8 billion years ago. While NRPS is still present in contemporary cells, it is a minor process (which produces only peptides) compared to the translation of proteins by ribosomes. Translation by ribosomes became more efficient and more accurate than NRPS, and became the predominant method for protein synthesis. A crucial part in the evolution of the protoribosome was that of ligation of the component pieces of RNA. Introns are plausible candidates for these RNA ligation, splicing, and alternative splicing reactions; and ligation continues to be one of their major functions. Many still exist within rDNAs (rRNA genes) of bacterial and archaeal species, as well as in nuclear and organellar genomes of a wide diversity of eukaryotes (Figs. 2, 3, 4) , many being possible remnants of ancient ligation processes (Bhattacharya et al. 1996; Itoh et al. 1998; Jackson et al. 2002; Hackett et al. 2004; Haugen et al. 2005; Edgell et al. 2011; Moriera et al. 2012) . The number and phylogenetic breadth of these introns suggest an ancient origin in the rRNA gene loci, and a potential coupling of evolutionary pathways of rRNAs and introns. In this Perspectives paper, it is proposed that introns have played a vital and central role in the evolution and function of rRNA and ribosomes, by joining together functional RNAs sequentially in the evolutionary construction of rRNAs. Rather than being primarily disruptive elements (as commonly perceived), introns may have played significant roles from the initial stages of rRNA and ribosome evolution by ligating RNAs together. Introns have been found in the most ancient parts of rRNAs, suggesting primeval origins (Jackson et al. 2002; Petrov et al. 2014 Petrov et al. , 2015 . This, together with reports that rRNAs were formed from the sequential addition of portions of rRNA during their early evolution, suggests that introns may have played a role in piecing together the functional sections of RNA that later became the rRNAs and, ultimately, ribosomes (Bokov and Steinberg 2009; Wekselman et al. 2009; Belousoff et al. 2010; Huang et al. 2013; Petrov et al. 2014 Petrov et al. , 2015 .
In addition to the accretion of RNA pieces over billions of years, rRNA genes appear to have become nurseries for introns, functioning as evolutionary crucibles, which has resulted in the evolution and diversification of the four known classes of introns. This may be due to the fact that rRNA genes are present in multiple copies in most organisms (up to more than a dozen copies per genome in Bacteria and Archaea, and up to tens of thousands of copies per nuclear genome in Eukarya), they are some of the most transcriptionally active loci in cells, and they undergo frequent recombination and gene conversion events (Rogers et al. 1986; Rogers and Bendich 1987a, b) . A large number of introns of all four classes have been described in rRNA genes from a broad phylogenetic range of organisms and organelles (Jackson et al. 2002) , consistent with an ancient origin for these introns.
Together, the characterizations of rRNAs across the three major domains of life indicates that the introns and rRNAs have had long and coupled evolutionary histories, which have had important influences on the evolution of genomes, organisms, and organelles. The analyses presented here suggest that: (1) The phylogenetic breadth and diversity in the four intron classes point to a very early and sustained evolutionary history within rRNAs; (2) Introns of different classes often physically overlap each other in location and characteristics, suggesting connected evolutionary 
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histories, including conversions from one class to another; (3) Small degenerate introns rely on portions of the rRNAs to complement missing intron core regions, demonstrating similarities in functions among the introns and rRNAs, the functional flexiblities of the RNAs, and their integrated evolutionary pathways; and (4) The number and diversity of introns within rRNA loci suggest that rRNAs may serve as intron nurseries that are sources for introns in other genomic regions. These results suggest the coupling of ribosomal RNA and intron evolution. Figure 1 is a summary of the evolution of several of the central components of translation based on the review of multiple studies on RNA evolution. This figure provides an overview of the major steps in the translation machinery. Information regarding the evolution of aminoacyl-tRNA synthetases was from Roberts et al. (2008 ), and Havrylenko and Mirande (2015 . The steps in tRNA evolution are from Fujishima and Kanai (2014) , and Kanai (2015) . The evolution of mRNA, including the early use of double stranded mRNAs, is from Rodin and Rodin (2008) , Rodin et al. (2011), and Root-Bernstein and Root-Bernstein (2015) . Evolution of the SSU and LSU rRNAs and dates are based on Petrov et al. (2014 Petrov et al. ( , 2015 .
Methods

Evolution of translation components
Phylogenetic and sequence distribution of introns
A comprehensive collection of introns within rDNA (Rogers et al. 1993; Gargas et al. 1995; Shivji et al. 1995; Bhattacharya et al. 1996 Bhattacharya et al. , 2001 Itoh et al. 1998; Jackson et al. 2002; Haugen et al. 2005; Moriera et al. 2012 ) from a broad diversity of organisms was mapped onto a SSU rRNA tree, constructed as a consensus tree among a collection of phylogenetic trees (Baldauf 2003; Roger and Simpson 2009; Hug et al. 2016; see Fig. 2) . This tree indicates the taxonomic distribution and mode of transfer (vertical versus horizontal acquisition) of the four different classes of introns analyzed.
The introns were also examined according to their location in rRNA sequences and when they appeared during the six major phases of rRNA evolution (Petrov et al. 2014 (Petrov et al. , 2015 Fig. 3) . Introns of all four classes were mapped onto the SSU and LSU rRNAs, relative to their positions in the E. coli SSU rRNAand Saccharomyces cerevisiae LSU rRNA (Davila-Aponte et al. 1991; DeWachter et al. 1992; Gast et al. 1994; Murphy and Cech 1994; Gargas et al. 1995; Bhattacharya et al. 1996 Bhattacharya et al. , 2000 Bhattacharya et al. , 2003 Grube et al. 1996; Shinohara et al. 1996; Chen et al. 1998; Itoh et al. 1998; Perotto et al. 2000; Nikoh and Fukatsu 2001; Cannone et al. 2002; Edgell et al. 2000; Jackson et al. 2002; Lickey et al. 2003; Haugen et al. 2004; Gutierrez et al. 2007; Harris 2007; Harris and Rogers 2008, 2011; Chen 2010; Salman et al. 2012; Petrov et al. 2014 Petrov et al. , 2015 . The frequencies of each class of intron in each of the regions were then compared relative to each of the six phases of ribosomal evolution (Fig. 4) .
Structural characterization of introns
Analyses of the secondary structure of group I and group II proteins was performed using Mfold (Zucker 2003) to identify structural homologies on introns' splice/insertion sites and thus demonstrate the conversion and functional flexibility of the introns and the rRNA.
Source cultures, extraction of DNA, PCR analyses, sequencing, cloning, descriptions, categorization, phylogenetic position, mutant intron synthesis, in vitro transcription, and splicing assays for the CgSSU (from Ceonococcum geophilum SSU rDNA) and PaSSU (from Phialophora americana SSU rDNA) introns, both at rRNA nucleotide (nt) position 1506, are described elsewhere (Harris 2007; Harris and Rogers 2008 , 2011, 2014; Rogers et al. 1993; Shinohara et al. 1996; Yan et al. 1995) . The sequences of the CgSSU and PaSSU introns, both inserted into the 1506 position of the SSU rRNA genes (Rogers et al. 1993) , were subjected to group I intron secondary structure analysis using Mfold (Zuker 2003) . Because of the length of the CgSSU intron (459 nt), structures of this intron were made in overlapping sections less than 350 nt in length. The sections were overlapped and joined for consistency (Fig. 5, top) . The PaSSU intron structure was determined by a single analysis, because of its small size (67 nt; Fig. 6 ). To produce the final structure, manual adjustments for both structures were made based on maximization of base pairing and ΔG, while considering short and long range interactions based on previous group I intron models (Adams et al. 2004; Cech 1990; Michel and Westof 1990; Rogers et al. 1993; Shinohara et al. 1996) . Both introns had a branch sequence near the 3′ end of the intron (Fig. 7 ) that is characteristic of group II introns. Because of this, the CgSSU intron sequence was subjected to group II intron structure analysis (Fig. 5, bottom) , although the splice/insertion site was shifted by -2 nt (position 1504 in the SSU rRNA), where a characteristic group II splicing sequence was located. The focus was on the potential group II intron structures, based on published group II models (Michel et al. 1989; Seetharaman et al. 2006 ). This analysis was performed to determine whether a group I and a group II intron were coincident at this site.
Mutant intron splicing assays
In addition to the structural characterization of selected introns, a series of in vitro splicing assays of mutant introns from P. americana were performed to evaluate/assess the functional role of specific regions of the rRNA on the splicing process (methods and results are described in detail in Harris 2007; and; Harris and Rogers 2008 . The PaSSU degenerate intron (67 nt) from P. americana, including approximately 200 bp of the SSU rDNA upstream and approximately 200 bp of the downstream SSU, ITS1, and 5.8S rRNA, was cloned into an expression vector to produce RNA for splicing assays. In vitro splicing assays were performed to determine whether portions of the rRNA were required for splicing of the PaSSU degenerate intron (Fig. 6 ). Mutant clones were constructed separately by deleting the 5′ upstream sections and 3′ downstream sections, as well as changing, deleting, or inserting selected nucleotides within the intron to examine the effects on splicing.
Results
Phylogenetic distribution of introns
The cladogram of rRNA SSU sequences ( Fig. 2 ) reveals that many members of the four classes of introns have been inherited vertically during evolutionary processes, while others have been transferred horizontally from one species to another via endosymbiotic events, horizontal gene transfers, or have migrated from one cell compartment to another (Bhattacharya et al. 2001; Hackett et al. 2004; Haugen et al. 2005; Moriera et al. 2012; Rogers 2017) . Endosymbiotic events indicative of horizontal transfer included: formation of mitochondria from an alphaproteobaceterium in Eukarya (Fig. 2, box a) ; formation of plastids from a cyanobacterium in Archaeplastida ( Processing of rDNA in Archaea and Bacteria resembles archaeal intron splicing. This is indicated in Fig. 2 as "Arch" in parentheses for Bacteria (which otherwise have no known archaeal introns). Archaeal intron derivatives may be present in the internal transcribed spacers of nuclear and organellar genomes, but these are not shown.
The most parsimonious position for spliceosomal introns is their derivation from group II introns during the origin of Eukarya (approximately 2.4 billion years ago; shown by an arrow early in eukaryote evolution, near the Excavata branch). However, their presence in more ancient portions of the rRNAs, suggests that they may have had an earlier origin.
The local positioning of introns in rRNAs was assessed by mapping all four classes of introns onto the SSU and LSU rRNAs (Fig. 3) . Approximately equal numbers of introns are inserted into single stranded regions (41) as in double stranded regions (39) in the SSU rRNAs, whereas more of the introns are located in single stranded regions (44) than in double stranded regions (34) in the LSU rRNAs. Approximately 33% of the introns in the SSU rRNAs and 25% of the introns in the LSU rRNAs were within 10 nt of the borders between more ancient and more Fig. 5 Structure of a group I intron conformation (top) and group II intron conformation (bottom) for the same intron sequence within the 3′ region (positions 1506 and 1504, respectively) of the SSU rRNA from the fungus Cenococcum geophilum. Nucleotides within the intron are in black upper case font, while the 5′ and 3′ exons are in red lower case font. For the group I intron (top), the intron/exon (I/E) borders are indicated with filled arrows. Intron/exon borders for a spliceosomal or group II mechanism are indicated with open dashed arrows. An alternative structure (bottom) of the Cenococcum geophilum SSU rRNA intron sequence at the same position (position 1504) as the group I intron is folded into a group II intron structure. Six domains (D1 through D6) are indicated
recently evolved sections of the SSU rRNAs. Furthermore, only group I and group II introns were located in the PTC of the LSU rRNAs (Fig. 3) .
Appearance of the introns during evolution
The examination of introns and their frequency distributions in relation to the six stages of ribosomal evolution provided insights into the early evolution of the four classes of introns. Group I introns were present in regions of the first phase of SSU rRNA evolution (Figs. 1, 3, 4) , and increased in frequency into phase 2, decreased slightly in phase 3, and increased greatly in phases 4 and 5, followed by a sharp decrease during phase 6. Group II introns were first present in rRNA phase 2, increased slightly, then decreased, coinciding with a rapid increase in spliceosomal introns during phases 3, 4, and 6, with a notable decrease during phase 5. Archaeal introns appeared first in rRNA phase 2, and increased and decreased in frequency during the subsequent phases. In the LSU rRNA, group I, group II, and spliceosomal introns were located in the most ancient regions, although in low frequencies. Increases in group I and group II introns occured in phase 2, but spliceosomal introns are not found in the same regions. It is possible that the splieosomal introns found in phase 1 regions are more recent conversions from group II introns. As with the SSU rRNA, there were decreases in most intron classes (except spliceosomal introns, which increase), and subsequent increases of group I, group II, and spliceosomal introns, during phases 4 and 5.
No introns were present in the most recently evolved regions of the LSU rRNA (phase 6). Archaeal introns occurred more frequently in SSU rRNA genes than in LSU rRNA genes (Fig. 4) .
Structural analyses
The structure of the group I intron in the SSU rRNA in the 1506 position is well established, and is clearly delineated in Fig. 5 (top) . Pairing regions P1 through P10 are present. A characteristic G·U pair is present at the 5′ exon/intron splice site, and a guanosine binding site, which is a G-C pair with an adjacent unpaired A, is present in P7. The P4-P5-P6 domain acts as the scaffold of the intron. P2 is an optional stem-loop. The P3-P7-P8-P9 domain forms the catalytic arm of the intron that includes the guanosine binding site in P7. GNRA loops in P2, P5, and P9 are indicated in upper case red font. These are important in long range interactions. Joining regions J3/4, J6/7, and J7/8 (the most conserved of the three) also are shown. These are important in long range interactions. The CgSSU and PaSSU sequences also have similarities to group II and spliceosomal introns, in that group II exon-intron borders are located only 1-2 nucleotides in the 5′ direction from the group I border sites, and they have sequences that are similar to a typical group II branch site sequences a short distance from the 3′ intron-exon border (Figs. 6, 7) . When the CgSSU sequence was subjected to structural analysis using Mfold (Zucker 2003), both group I and group II structures resulted (Fig. 5, top and bottom, respectively) . The group II structure included the 5′ and 3′ splice sites, internal and external binding sites (IBS1, IBS2, EBS1, and EBS2), and stem-loop domains D1 through D6, including the D5 stem-loop that is universally conserved among group II introns (which contains the canonical central CA bulge and GAAA loop). The structural analysis showed that three additional GNRA loops and three GNRA bulges were also present (Fig. 5, lower  portion) . Also present (in blue font, and within boxes) are regions involved in long range interactions (ε and ε', γ and γ', and ξ and ξ'). Results of mutational and in vitro splicing assays for the PaSSU degenerate group I intron (67 nt) from Phialophora americana. Several cloned constructs were synthesized that included the small intron and parts of the 5′ and/or 3′ exons. Upper case fonts indicate nucleotides within the intron, while lower case fonts indicate nucleotides within the exons. Mutations that resulted in reduced splicing are highlighted in red, while those that had little or no effect on splicing are indicated in green
In vitro splicing experiments
To assess the potential role of different introns and rRNA sites and regions in the splicing process, the wild type PaSSU degenerate group I intron (67 nt in length) and several mutant recombinant constructs were subjected to in vitro group I splicing assays (Fig. 6; Harris 2007; Harris and Rogers 2008 . Splicing occurred whether or not 200 nt of the 5′ exon (within the SSU rRNA) was present. When nucleotides in or near the 5′ splice site were changed (G-2, U-1, G1, or G15), splicing was negatively affected. Changing a single A residue in the A-loop of P1 (A7) also caused a cessation of splicing, while changing an unpaired U residue within P1 (U4) had no effect on splicing. Changes in pairing region P9 (which is suspected of substituting for P7 in this degenerate intron) also had mainly detrimental effects on splicing (e.g., changes to C43, G44, or U45), although changes in nucleotides that appeared to have no interactions with other nucleotides (e.g., G41 and G57) had no effect on splicing. Splicing using RNA from the clone with only 20 nt of each exon failed to splice in vitro in any of the numerous attempts. However, when clones included the 3′ exon (that consisted of ITS1 and the 5′ one-third of the 5.8S rRNA), splicing occurred, whether or not the 5′ exon was present. In contrast, when the 3′ exon (including ITS1 and the 5′ onethird of the 5.8S rRNA) was deleted, splicing was never observed (Harris 2007; Harris and Rogers 2008 .
Discussion
This study shows several lines of evidence that indicate there are ancient links in the evolutionary histories of ribosomes and introns. Aside from the fact that both have ribozyme functions, they appear to have evolved intertwined for billions of years. First, the ribosomal RNA gene loci of a broad phylogenetic diversity of organisms and organelles contain introns in a variety of locations, and some have been described in the most ancient regions of rRNAs (Rogers et al. 1993; Gast et al. 1994; Johansen and Vogt 1994; Shivji et al. 1995; Bhattacharya et al. 1996b Bhattacharya et al. , 2000 Takai and Horikoshi 1999; Perotto et al. 2000; Muller et al. 2001; Cannone et al. 2002; Jackson et al. 2002; Roy et al. 2002; Haugen et al. 2004; Moreira et al. 2012; Rogers 2017; see Figs. 1, 2, 3, 4) . In fact, many of the introns that are present in rRNAs today may be remnants of those that existed during the early evolution of rRNAs (although some are likely later additions). Second, all four classes of introns (group I, group II, spliceosomal, and archaeal) have been reported in rRNA genes (see Figs. 2, 3, 4) . This differs from all other classes of genes, including nuclear mRNA genes, which contain only spliceosomal introns, and tRNA genes, which contain primarily archaeal introns. Again, this suggests an early evolutionary origin for these introns, and possibly a common origin for all four intron classes. Third, the sections of rRNA appear to have been joined together in sequential stages throughout rRNA evolution, rather than having expanded in a slow incremental fashion ( Petrov et al. 2014 Petrov et al. , 2015 Rogers 2017; Figs. 3, 4) . The main characteristic of introns is that they join pieces of RNA together, and thus are candidates for the process of joining sections of rRNA together. However, they also can insert into DNA genes, similar to transposons (for group I introns) or retrotransposons (for group II introns) and, therefore, may have introduced novel sections of rRNA genes by these mechanisms (Fig. 8) . Furthermore, introns may also provide opportunities for unequal crossover events, which can lead to novel exon combinations (Rogers and Bendich 1987a, b, 1988; Rogers 2017) . Fourth, processing of pre-rRNAs has many similarities to archaeal intron splicing, including the formation of initially circular products (Kjems and Garrett 1991; Belfort and Weiner 1997; Lykke-Anderson et al. 1997; Takai and Horikoshi 1999; Tang et al. 2002; Fujishima and Kanai 2014) . This supports the thesis that archaeal introns have had a long history within the rRNA locus, and may have been responsible for joining some pieces of rRNA together, including joining the SSU and LSU rRNA genes together to generate the rRNA operon, as well as participating in pre-rRNA processing. Therefore, introns and rRNAs appear to have had long integrated evolutionary histories, and introns appear to have been intimately involved in the assembly and processing of ribosomal RNAs from their earliest appearance as small rudimentary RNAs more than 3.8 billion years ago.
The results presented here also show an intricate relationship between the evolution of the LSU and SSU rRNA subunits and introns. The locations of introns in the LSU and SSU rRNAs are concentrated in the more ancient portions of those molecules, and few have been reported in the most recently evolved sections of rRNAs (Figs. 3, 4) . For example, many introns are located within LSU rRNA domains II, IV, and V. These are among the earliest appearing sections of rRNA, which include the PTC, the P site, the A site, and the tunnel (Bokov and Steinberg 2009; Wekselman et al. 2009; Belousoff et al. 2010; Fox 2010; Huang et al. 2013; Petrov et al. 2014 Petrov et al. , 2015 . Interestingly, only group I and group II introns occur in the PTC, which is suggestive of an ancient origin and rRNA association for these two classes of introns. Also, the PTC contains the highest concentrations of group II introns. Some group II introns move as RNAs rather than DNAs, which might have facilitated insertion early in rRNA evolution. No introns have been reported in LSU domains I, III, or VI, which contain higher proportions of sections that were later additions to the LSU rRNAs. Similarly, for the SSU rRNAs, the introns are concentrated in the more ancient central sections of the molecule, and in low frequency in the more recently lengthened stem-loop regions.
Previous studies have shown that the SSU and LSU ribosomal subunits initially evolved separately, and the SSU may have predated the LSU as an RNA binding molecule (Petrov Fig. 8 Proposed model of the evolution of introns with rRNAs. Very early in rRNA evolution only RNAs were involved in the process (top). Introns were probably capable of ligating RNAs internally (left) or externally (right). Once the shift had been made to DNA genomes, the introns remained in the genes for longer periods of time, or they were lost, translocated, or duplicated. New introns inserted, and those already present often moved or inserted copies elsewhere in the same locus or in different loci. They mutated, increased, or decreased in size, or occasionally converted to a different type of intron. Once the loci were present in multiple copies, these processes could increase in frequency, thus becoming nurseries for introns Fig. 1) . The LSU appears to have begun with the PTC, the tunnel, and a rudimentary P site, which consisted of approximately 110 nucleotides (Bokov and Steinberg 2009; Petrov et al. 2014 Petrov et al. , 2015 . The P site was duplicated to form the adjacent A site that may have been the result of the ligation of the two RNAs (Darnell and Doolittle 1986; Gilbert et al. 1997; Bokov and Steinberg 2009; Petrov et al. 2014 Petrov et al. , 2015 . This likely led to increased efficiency of polypeptide synthesis, because the incoming tRNA at the A site would be held close to the tRNA in the P site and the PTC. The tunnel in the LSU rRNA, which is adjacent to the PTC, P site, and A site, also had an early origin (Bokov and Steinberg 2009; Wekselman et al. 2009; Belousoff et al. 2010; Fox 2010; Huang et al. 2013; Petrov et al. 2014 Petrov et al. , 2015 . It helps to hold the growing polypeptide to the ribosome, so that the next amino acid can be added, and prevents circularization of the lengthening polypeptide. These are among the earliest sections of the LSU rRNA and contain a large number of introns, including all four types, although group I introns are the most numerous (Figs. 3, 4 ). 
Introns in ribosomal RNA
Hundreds of introns of all four types have been reported within rRNA gene loci among a large collection of eukaryotes (Jackson et al. 2002; Figs. 2, 3) , and at least two types have been found in the rRNA gene loci of Bacteria (group I and group II), organelles (group I and group II), and Archaea (group I, group II, and archaeal). The frequency and diversity of these introns is notable (Figs. 3, 4) , with many common positions within Bacteria and Archaea (e.g., SSU rRNA positions 299, 330, 393, 516, 788, 908, 940, 943, 1046, 1199, 1210, 1506, 1512, and 1516 , common in a wide diverse group of organisms, Jackson et al. 2002; and positions 781, 1205 , and 1213, within Thermoproteus species; Itoh et al. 1998) . Many of these introns may have existed in the same locations for billions of years, as indicated by their phylogenetic relationships among taxonomic groups or within ancient organelles (e.g., mitochondria, plastids, and nuclei) that have existed for billions of years. For example, common intron positions 788 and 1210 are present within mitochondrial and nuclear SSU rRNA; positions 531 and 793 in mitochondrial and plastid SSU rRNA; positions 787 and 1249 in mitochondrial and nuclear LSU rRNA; positions 1065 , 1951 , 2500 , and 2593 positions 1923 , 1931 , and 2449 in mitochondrial, plastid, and nuclear LSU rRNA; and common intron sites in the nuclear rRNA in a diversity of fungi (Jackson et al. 2002; Rogers et al. 1993; Gargas et al. 1995; Shivji et al. 1995; Bhattacharya et al. 1996 Bhattacharya et al. , 2001 Haugen et al. 2005; Moriera et al. 2012; Figs. 3, 4) . Group I introns are also common in the plastid, mitochondrial, and nuclear rRNAs of green algae and plants, as well as in the mitochondrial and nuclear rRNAs of fungi and amoebae. Introns at positions 516 and 943 have been described from a number of green algae, amoebae, and fungi, and are phylogenetically closer to one another than they are to other introns within the same genetic locus, suggesting that they have existed in those locations since before those organisms diverged from a common ancestor more than 2.0 billion years ago (Gargas et al. 1995) . The importance of introns in evolution is indisputable, being the raw materials for transcript splicing, alternative splicing, fusion genes/proteins, certain noncoding RNAs, gene expression control, recombination sites, and others (Rogers 2017) . They have been found in mRNA genes, tRNA genes, and rRNA genes, often in multiple locations in each gene. Furthermore, some introns contain genes for reverse transcriptases, endonucleases, resolvases, and noncoding RNAs, some of which confer mobility, while others exhibit wide ranging genetic, epigenetic, and phenotypic effects. While many genes contain no introns, some have more than a dozen, and often this leads to alternative splicing, which produces more than a single transcript, each of which is translated to produce more than one protein. For example, the dystrophin (mRNA) gene contains 78 spliceosomal introns, comprising more than 99% of the primary transcript (Tennyson et al. 1995) . This gene encodes for several proteins, due to alternative splicing from the primary transcript.
Phylogenetically, group I introns have the widest distribution of all intron classes (Fig. 2) , being present in the genomes of Archaea and Bacteria, as well as in the nuclear and organellar genomes of most phyla of Eukarya, and appear to be one of the most ancient classes of introns (Figs. 2, 3, 4) . Group I introns also are numerous in the bacteriophage of ancient gram positive (monoderm) bacteria, and are sporadically found in the bacteriophage of more modern gram negative bacteria, again suggesting an ancient origin (Edgell et al. 2000) . Archaeal introns have been found mainly in the tRNA and rRNA genes of Archaea and Eukarya, although remnants of the archaeal splicing mechanism are also found in rRNA processing, indicating a possible common ancient origin for archaeal introns and internal transcribed spacers in rRNA genes (Kjems and Garrett 1991; Belfort and Weiner 1997; Lykke-Anderson et al. 1997; Takai and Horikoshi 1999; Tang et al. 2002; Fujishima and Kanai 2014) . The rRNA internal transcribed spacers in Bacteria and Archaea, and the rRNA ITS1 (internal transcribed spacer 1) in Eukarya may be the descendants of archaeal introns, and therefore they may have existed in the progenotes that preceded Bacteria. This would make archaeal introns, or their descendants, universal within all organisms, and suggests a mechanism for the joining of the SSU and LSU rRNA genes, which were separate during their early evolution (Fig. 1) .
Group II introns have been reported in rRNA, tRNA, and mRNA genes of the organelles of opisthokonts, plants, and protists, as well as in the mRNA genes of Bacteria and Archaea. Spliceosomal introns only occur in the nuclear genomes of Eukarya, and were probably derived from a group II intron ancestor early in the evolution of Eukarya (at least 2.4 billion years ago; Rogozin et al. 2012) . A reanalysis of an intron found in at least two genera of fungi (Phialophora and Cenococcum; Rogers et al. 1993; Shinohara et al. 1996) indicates that a group I and a group II intron exist at the same location within the same rDNA repeat near the end of the nuclear SSU rRNA (Fig. 5) . This suggests a possible common origin for group I and group II introns. Also, it is possible that loci such as these provided opportunities to derive spliceosomal introns from group II introns.
Intron structures and evolution
Ribosomal RNA gene loci appear to be preferred targets for intron insertion, possibly because they are large loci, often occur in multiple copies, undergo frequent recombination events, and have high rates of transcription, potentially exposing them to intron insertion. In general, the possible routes of evolution for each type of intron (group I, group II, spliceosomal, and archaeal) can be deduced by their modes of splicing, modes of insertion, cell location, phylogenetic distribution, and genome locations (Fig. 2) . As indicated above, group I introns have been reported in archaea, bacteria, the nuclear and organellar genomes of eukaryotes, and bacteriophage, while group II introns have been found in bacterial, archaeal, and eukaryotic organellar genomes (e.g., Bhattacharya et al. 2000 Bhattacharya et al. , 2003 Perotto et al. 2000; Cannone et al. 2002; Jackson et al. 2002; Haugen et al. 2005; Simon et al. 2008; Chen 2010; Salman et al. 2012; Hausner et al. 2014) . Group I and II introns splice via two transesterification reactions. While many can splice in vitro without the aid of other molecules, in vivo they rely on proteins to stabilize their catalytic conformations (Belfort et al. 1995; Zhang et al. 1995; Hausner et al. 2014) . This is analogous to structural aspects of ribosomes, spliceosomes, and other cellular components based on associations between RNAs and proteins. For group I introns the first reaction is initiated by a free guanosine (GMP, GDP, or GTP, which associates with the P7 region) that becomes covalently bound to the 5′ end of the severed intron, while for group II introns, the first reaction is initiated by an internal adenine (within domain D6) that becomes covalently bound via its 2′ carbon to the 5′ end of the intron, becoming a lariat structure (Fig. 5) . The second reactions are similar for both introns, which leads to complete release of the introns and fusing of the 5′ and 3′ exons in a standard 3′-5′ phosphodiester linkage.
Spliceosomal introns are likely reductions of group II introns, because their splicing reactions are identical to those of group II introns, although their lengths range from tens of nucleotides to hundreds of thousands of nucleotides. However, spliceosomal introns are not self-splicing, but require spliceosomes, which are composed of specific RNAs and proteins that bind at the exon-intron borders to affect splicing. Some of the proteins resemble ribosomal proteins, and some of the RNAs are similar to rRNAs (Kjems and Garrett 1991; Bleichert et al. 2006; Staley and Wolford 2009; Tocchini-Valentini et al. 2011) . Thus, it is probable that they originated from some of the ribosomal proteins and rRNAs. Because of the connections between the introns, spliceosomal RNAs, rRNAs, ribosomal proteins, and spliceosomal proteins, it is evident that rRNAs and introns have been linked together, at least during portions of their evolutionary histories. However, spliceosomal introns have been found only in the nuclear genomes of eukaryotes (Fig. 2) , which suggests a later origin (2.2-2.4 billion years ago), and a more limited distribution, for these introns. Although they are present in some of the ancient sections of the rRNAs, these may have been conversions from group II introns, or they may have been inserted later in rRNA evolution. Because they have not been found in organellar genomes in any eukaryote, they probably were present in the nuclear genomes of the first eukaryotes, and thus were not transferred to the nuclear genome from an organellar genome (the most common mode of movement of DNA within eukaryotic cells; Martin and Schnarrenberger 1997; Martin and Hermann 1998; Hackett et al. 2005; Rogers 2017) .
Although archaeal introns appear to have had an evolutionary pathway independent of the other introns, some have proposed that they represent a lineage derived from a group I intron (Tochini-Valenti 2011; Nawrocki et al. 2018) . Archaeal introns are present in some tRNA genes in species of Archaea, and they have also been found in nuclear tRNA and rRNA genes in a wide variety of eukaryotes (Kjems and Garrett 1991; Belfort and Weiner 1997; Lykke-Anderson et al. 1997; Bujnicki and Rychlewski 2001; Rodin and Rodin 2008; Fujishima et al. 2010; Rogers 2017; Fujishima and Kanai 2014) . Splicing of these introns involves an endoribonuclease that recognizes a short bulge-helix-bulge (B-H-B) region that is formed by sequences of the 5′ and 3′ intron-exon borders that pair with one another. Interestingly, processing of the large rRNA precursor into the SSU rRNA and LSU rRNA in Archaea is nearly identical to the steps involved in cutting and joining the two exons away from the intron during splicing of archaeal introns (Belfort and Weiner 1997; Tang et al. 2002; Tocchini-Valentini et al. 2011) . Therefore, parts of the rDNA internal transcribed spacer (ITS) regions in Archaea, Bacteria, and ITS1 in Eukarya may have originated from archaeal introns, which might initially have served to join the ancestral SSU and LSU rRNA genes together. In this case, intron splicing and parts of rRNA processing may have a common origin, suggesting the importance of archaeal introns in the evolution of ribosomal RNAs. In eukaryotes, ITS2 is an intervening sequence between the LSU rRNA and the 5.8S rRNA, but has had a different evolutionary pathway than ITS1, and has a different three dimensional structure (Edger et al. 2014; Giudicelli et al. 2014; Rogers, unpubished) . The 5.8S gene and the 5′ end of the LSU rRNA pair in the mature ribosome, just as homologous regions pair in the LSU rRNAs of Bacteria and Archaea. However, bacterial and archaeal rRNAs are devoid of an ITS2 region, with the two sections of the LSU being contiguous. It is therefore possible that ITS2 originated as the insertion of an intron (with similarities to a group I intron) approximately 150 bp from the 5′ end of the LSU rRNA gene early in eukaryote evolution, separating the 5.8S rRNA gene from the remainder of the LSU rRNA gene.
Conversion among Introns
Introns of all four classes have been found inserted into neighboring nucleotide positions (Fig. 3) within the LSU rRNA (nucleotide positions 775-787, 858, 1024-1025, 1091-1098, 2076-2069, 2437-2455) and SSU rRNA (nucleotide positions 263-265, 287-300, 322-337, 788-793, 901-911, 939-943, 1057-1068, 1197-1201, 1224-1229, 1506-1521) . In many cases, these introns exist either adjacent to, or overlapped with, other introns from different classes. In the case of some group I introns, there have been shifts in the splice site, yielding very similar introns with slightly different splice sites (Rogers et al. 1993; Gargas et al. 1995; Bhattacharya et al. 2000; Harris and Rogers 2008) . The best example of this is near the 3′ end of the SSU gene in fungi (Figs. 3, 5, 7) . Group I introns have been reported at nucleotide positions 1495, 1506, 1512, 1516 and 1521 (relative to those in the E. coli SSU gene), as well as at least two spliceosomal (or group II) introns at 1504 and 1512 (Rogers et al. 1993; Gargas et al. 1995; Bhattacharya et al. 2000; Jackson et al. 2002; Harris 2007; Harris and Rogers 2008, 2011) . The concurrence of a spliceosomal/group II and a group I intron at the same location first was reported within the rRNA SSU genes of Phialophora americana and Cenococcum geophilum (Rogers et al. 1993; Yan et al. 1995; Shinohara et al. 1996; Harris 2007; Harris and Rogers 2008 Figs. 5, 7) , two dematiaceous anamorphic fungal species that live in soils, as well as on plants and animals. This finding was initially surprising, because group II and spliceosomal introns were not known to occur in rRNA genes at that time, and the close proximities of group I, group II, and spliceosomal introns was also unknown. However, since then, many additional group I, group II, and spliceosomal intron positions have been catalogued, and some of them overlap with one another (Rogers et al. 1993; Bhattacharya et al. 2000; Cannone et al. 2002; Jackson et al. 2002; Harris and Rogers 2008; Figs. 3, 5, 7) . This has provided support for the hypothesis that group I, group II, and spliceosomal introns may have evolved together within the rDNA loci. Folding into both group I and group II conformations is possible for some introns in this region, with only a slight shift of a few nucleotides in the putative splice sites (Fig. 5) . Because of the sequence similarities in introns at the same positions, there were probably single insertions of group I or group II introns at several sites, followed by mutation and/or altered splicing of the introns, possibly aided by structures within the rRNA. This still leaves open the question of how some of these transitioned from group I introns into spliceosomal/group II introns, as well as whether they can be spliced by either of the two mechanisms under different conditions. Some ribosomal proteins have similarities to spliceosomal proteins (Fabrizio et al. 1997; Tang et al. 2002) , and therefore, during splicing and processing of the rRNA, and assembly of the ribosomes in the nucleolus, some of the ribosomal proteins may have aided the introns to fold into a structure that could splice via a group II or spliceosomal splicing pathway, thus converting the group I intron into a group II or spliceosomal-type intron.
One set of short degenerate group I introns (62-78 nucleotides) located within the the SSU rRNA genes of several species of fungi (within the genera Arthonia, Phialophora, and Porpidia) exhibits yet another aspect of intron evolution within rRNA genes. These introns lack the central core regions (P2 through P8) of standard group I introns (Cech 1988 (Cech , 1990 Cech and Herschlag 1996; Grube et al. 1996; Adams et al. 2004; Golden et al. 2005; Harris 2007; Harris and Rogers 2008 Fig. 7) . When cloned and expressed as RNA, only the construct that included the short intron and the 3′ adjoining regions (containing the distal 3′ end of the SSU and the entire ITS1) exhibited group I intron self-splicing activity in vitro (Harris 2007; Harris and Rogers 2008 Fig. 6 ). Group I splicing activity could not be complemented by another functional group I intron that contained the core regions. Additionally, other recombinant constructs that lacked the 3′ regions (including ITS1), but included the small intron and sections of the 5′ regions (i.e., portions of the SSU rRNA), all failed to splice in vitro. This indicated that other portions of the RNA molecule, including ITS1, were capable of folding into a structure that effectively substituted for parts of an intron that had lost portions of its native structure, pointing to the malleable nature of rRNA and the rRNA introns. Interestingly, the remaining P9 region in the short introns appears to serve as the guanosine binding site, and contained a region that resembled the P7 guanosine binding site found in standard group I introns (Figs. 5, 6 ). This demonstrates the cross-functionality of sections of rRNAs and introns. ITS1 is also important in rRNA processing, which resembles archaeal intron splicing. Therefore, it is possible that parts of its structure have evolved to maintain conformations conducive to functions necessary for processing and/or splicing. As previously outlined, ITS1 appears to have similarities, and possible evolutionary linkage, with archaeal introns (Tang et al. 2002; Tocchini-Valentini et al. 2011) , and therefore may maintain structures to assure functional conditions for splicing and/ or rRNA processing.
Ribosomal loci as intron nurseries
Once introns contained genes for reverse transcriptases, riboendonucleases, endonucleases, transposases, and/or resolvases, they became mobile and could insert into RNA genes in an RNA/protein world, or into DNA genes within the DNA/RNA/protein world (Fig. 8) . The fact that some of the archaeal intron endoribonucleases also exhibit endonuclease activity indicates that the transition from single stranded RNA to double stranded RNA and DNA templates might have occurred early in rRNA/rDNA evolution (Takai and Horikoshi 1999; Bujkicki and Rychlewski 2001; Tang et al. 2002; Fujishima et al. 2010) . While the introns may have aided in the rapid evolution of rRNA and ribosomes, early organisms probably had only one rRNA gene (containing one copy each of the SSU and LSU sequences), thus limiting their rates of evolution and spread. Contemporary Bacteria possess from 1 to 15 rRNA gene loci per genome, and Archaea have 1-4 rRNA gene loci, while Eukarya have from one to tens of thousands of rDNA copies, and those that have only one copy have mechanisms for greatly increasing the rDNA copy numbers (Rogers and Bendich 1987a, b; Alberts et al. 1998; Rogers 2017) . Organisms with multiple rRNA gene copies are better able to respond to changes in environmental conditions than are those with low rDNA copy numbers (Stevenson and Schmidt 2004) , thus they can survive a larger number of evolutionary challenges than organisms with only a single or a few rRNA gene copies. Part of reason for this might be due to the dependence on the number of rDNA copies needed to produce the large number of rRNAs and ribosomes (approximately 20,000 to 60,000 per bacterial cell, and approximately 2 million to 10 million per eukaryotic cell). Cell cycle duration is also slower in organisms with low rDNA copy numbers, indicating that the number of rRNA genes may constitute significant controls on cell populations and developmental processes (Shermoen and Keifer 1975; Tartof 1975; Rogers 2017) .
Having more rDNA copies implies that, frequently, there are more copies of the rRNA introns for those species with introns. The probabilities of intron mutation, transposition, and gain (and losses) are generally higher in species with multiple rRNA gene copies, and therefore, the rDNA loci could serve as evolutionary testing grounds for mutations, gains, and losses of these introns (Fig. 8) . This is more exaggerated in eukaryotes, most of which have multiple tandem copies of rDNA. For example, arthropods usually have 100 or more rDNA tandem copies per haploid genome, mammals possess a few hundred tandem copies, and amphibians and plants have widely variable rDNA copy numbers from a few hundred to tens of thousands (Rogers et al. 1986; Rogers and Bendich 1987a, b; Rogers 2017) . Introns associated with rDNA loci may have been able to spread and evolve rapidly, partly because of the relatively large numbers of rRNA gene repeats, intron copy number, frequent crossovers, gene conversion events, and availability of homing endonucleases or reverse transcriptases (Figs. 2, 8; Rogers and Bendich 1987a, b; Rogers 2017) .
The presence of all four classes of introns in rDNA loci, and the reports of overlaps of different classes of introns, lend support to the hypothesis that rDNA loci have functioned as intron nurseries for hundreds of millions to billions of years (Jackson et al. 2002; Rogers et al. 1993; Gargas et al. 1995; Shivji et al. 1995; Bhattacharya et al. 2000 Bhattacharya et al. , 2001 Itoh et al. 1998; Edgell et al. 2000; Roy et al. 2001 Roy et al. , 2002 Haugen et al. 2005; Moriera et al. 2012; Figs. 2, 8) . The rDNA loci may also have provided the raw materials for the evolution of spliceosomal introns, which are likely derivatives of group II introns. Bolstering this point, spliceosomes contain some proteins that are related to ribosomal proteins, which may place their likely origin close to the locations of ribosome assembly (i.e., the eukaryotic nucleolus) (Bleichert et al. 2006; Staley and Wolford 2009; Tocchini-Valentini et al. 2011 ). In addition, domain V of the LSU rRNA has similarities to spliceosomal U6/U2 RNA, again indicating close and ancient relationships between introns and rRNA (Kjems and Garrett 1991) . While introns appear to have been intimately involved in the evolution of rRNAs, concurrently the rDNA loci may have provided opportunities for the diversification of introns, due to the functional plasticity of the RNAs, the multiple copies of the rRNA genes, the high rates of transcription, and the frequent recombination and gene conversion events within the rRNA gene locus. The overall conclusion is that rRNAs and introns collaborated from very early in rRNA evolution, which led both to a fully functional and complex ribosome, and to a diverse set of introns, both of which have been absolutely vital to all life on Earth.
